Deep phenotyping is an emerging conceptual paradigm and experimental approach that seeks to measure many aspects of phenotypes and link them to understand the underlying biology.
Introduction
One of the great drivers of biological research in the 20th century was the desire to understand how the information encoded in an organism's genome gives rise to its physical and behavioral phenotypes, collectively referred to as the organism's phenome 1 . However, the phenotype an organism displays is not merely a reflection of its genes but the integrated product of its genotype coupled with the environmental conditions and stochastic effects that the individual experiences before observation 2 . This interplay means that phenome (collection of phenotypes) of an organism contains a vast multi-dimensional set of observable characteristics, and thus in a population of individuals, the resultant phenospace is effectively infinite. Understanding the specific contribution of an individual's genome, its environment, and stochastic processes to its position in phenospace presents a formidable technical challenge. Fortunately, the pace of technological innovation in modern biology is beginning to provide the tools that are necessary for both quantifying these multi-dimensional characteristics and their underlying causes, opening up a new experimental paradigm known as deep phenotyping.
The laboratory animal Caenorhabditis elegans has many attributes that make it an ideal model system for deep phenotyping studies. For example, the worm is a small poikilotherm with an adult body length of ~1mm that feeds on bacteria. It has a rapid life cycle, going from egg to reproductive adult in ~3 days at 20°C with a deterministic developmental lineage 3 . These features coupled with the fact that the worm primarily reproduces as a self-fertilizing hermaphrodite mean that it is possible to grow large near-isogenic populations in highly controlled environmental conditions. Most importantly, at least ~38% of the protein-coding genes in the C. elegans genome have a human ortholog 4 , which means that insights gained from deep phenotyping studies in the worm can inform us about human biology.
In this review, we will outline the technological and analytical developments that have enabled recent deep phenotyping studies in C. elegans (Section 2). We will then examine how these tools have yielded greater insight into the biology of complex phenotypes using several different examples (Section 3). Finally, we will offer a prospective outlook on the future of deep phenotyping experiments in C. elegans (Section 4).
Recent Development of Tools and Techniques that Enable Deep Phenotyping
Historically, phenotypic analysis of C. elegans was based on the manual measurement of easily scorable morphometric or behavioral features, such as alterations in body shape or defects in movement 5 . However, modern biological techniques are dramatically expanding the definition of phenotype 1 . For example, access to RNAseq and mass spectrometry is now more widely available and less cost prohibitive, enabling transcriptomic and proteomic descriptions of individuals. Similarly, advancements in both hardware and computational analyses have led to an increase in both the throughput of experiments and their informational content. In the remainder of this section, we examine three specific areas that have been particularly influential in the evolution of deep phenotyping studies of the worm.
Manipulating the C. elegans genome
C. elegans researchers have developed a sophisticated set of genetic tools with which to manipulate the worm's genome and illicit phenotypes, these include both forward and reverse genetic approaches 3 . RNA interference-induced knockdown (RNAi) of gene expression can be achieved by feeding worms bacteria expressing double-stranded RNA corresponding to the gene of interest 6, 7 . This relative ease of RNAi has enabled multiple reverse genetic screens to uncover
The hardware development that has enabled deep phenotyping studies in C. elegans broadly falls into two categories. The first is an improvement in the technology that allows manipulation of the worm and the second is an improvement in the technology that records the output of the experiment. Both categories have seen significant reductions in component costs and accumulation of many designs and proof-of-principle experiments, which increases the accessibility of the hardware needed for deep phenotyping experiments. We highlight the technical aspects in this section and give specific examples of using the hardware in section 3.
Manual handling of C. elegans can be very labor intensive and may act as a barrier to the scale and scope of an experiment. However, the small size of the worm makes it very easy to manipulate using microfluidics 12 . In the last decade or so, the microfluidic devices used by the C. elegans research community have been fabricated from polydimethylsiloxane (PDMS). The fabrication of devices with is this material is relatively cheap and straightforward, and PDMS is non-toxic to worms. It is also optically transparent, which makes it compatible with many forms of microscopy used to study the worm. Its elastic properties allow for simple on-chip valves that can control the flow of fluid containing the worms, which enables automation of worm handling leading to increases in sample throughput [12] [13] [14] . In addition, microfluidics can also be used to tightly control the microenvironment surrounding the worm within the device, something that is much harder to do on an agar plate. Typical device designs that are widely used for imaging-based or behaviorbased experiments include multi-chamber arrays 13, 15 (Fig 1A) , sorting devices [16] [17] [18] (Fig 1B) , and arena devices 19 ( Fig 1C) , specific examples of the use of these devices are described in section 3.
The majority of deep phenotyping experiments in C. elegans rely on some form of optical readout of the data being recorded, often involving automated image capture. Studies that focus on high-spatial resolution examination of specific cells, tissues, or regions of individual worms are now more accessible to researchers due to the increased availability of epi-fluorescent and confocal microscope systems [20] [21] [22] [23] . Similarly, many high-content behavioral studies use imaging systems that allow continuous capture of worms at relatively low magnification for the longitudinal tracking and quantification of multiple whole-animal level phenotypes 24 . These systems typically utilize dark-field or transmission imaging to enhance the contrast of the transparent worms. The cost of components needed for dark-field illumination setups has fallen precipitously in recent years, which has led to an explosion in automated systems designed to track freely moving worms 24, 25 .
Computational Techniques for Deciphering High-Content Phenotypic Information
A consequence of the hardware-related gains in throughput and information recording is a dramatic increase in the data produced by deep phenotyping assays compared to more traditional experimental pipelines. These experiments often produce volumes of data that are well beyond the analytical capability of an individual human being, which in turn has spurred the development of efficient computational tools to parse it. Given the ubiquity of microscopy in C. elegans research, the primary set of computational tools that have enabled deep phenotyping studies are . A third class of analytical tools that focus on deciphering the transition processes of biological states employ stochastic processes and information theoretical methods.
An example of the use of these tools is the study of C. elegans locomotion 44, 45, 57 , which involves continuous transitions in worm posture. The use of these tools is driven mainly by the need to process complex information that usually escapes human visual detection and imagination, and to avoid human bias. As we see more data gathered using advanced experimental tools and the complexity of the data increases over time, these computational and theoretical tools are likely to gain more prominence in the biological discovery process.
Recent Applications of Deep Phenotyping
Given that the hardware and computational tools to perform deep phenotyping experiments in C.
elegans now exist, we next turn to question of how these technologies have been used and what they have taught us. In this section, we review a range of recent studies covering diverse areas of worm biology.
Embryogenesis/lineage tracing
C. elegans is one of the few metazoans for which the entire somatic cell lineage can be traced , the regulation of asynchronous cell division 76 . A more limited screen of chromatin regulators has also revealed distinct roles for several chromatin modifying complexes during embryogenesis 77 . Together these deep phenotyping studies are revealing the genetic programs and molecular mechanisms that specify how a single fertilized oocyte becomes an embryo containing a complex collection of differentiated cell types.
In contrast to tools available for deep phenotyping of the embryonic development, the ability for high-throughput examination of the cell lineage of post-embryonic worms has been lagging. 
Automated high throughput genetic screens
One of the most potent aspects of C. elegans as a model system has been the ability to carry out forward genetic screens in order to identify mutations that affect all possible elements of a gene.
However, most genetic screens rely on visually identifiable phenotypic differences from the control, which inherently limits the ability to identify mutations that have weak or non-obvious phenotypes but still provide valuable information on a gene's function. The power of deep phenotyping in identifying subtle mutants that may be missed by visual inspection was demonstrated in automated screens to find mutations affecting synaptogenesis 16, 17, 79 . In particular, using a microfluidic sorting system 16 (Fig 1B) , hundreds to thousands of worms can be continuously imaged, processed, and sorted in real time. An online image processing algorithm based on support vector machine (SVM), inspired by the recent success of using supervised learning in various computer visions applications, was developed to classify multidimensional features of synapses on the fly 16, 17 . In addition, a stepwise logistic regression model was used to measure the degree of phenotypic deviation of mutagenized worms from wild-type 16, 17 . Clustering of the multidimensional features derived from the quantification of the fluorescent synaptic marker in the worms from the screen reveals the phenospace of the entire mutational spectrum 16,17 ( Fig   2C) . These clusters indicate where each new mutant resides in phenospace, allowing the inference of their potential genetic relationships. This study offers a powerful example of how deep phenotyping integrates high-throughput hardware with computational tools to provide mechanistic insights that would not have been possible for a human observer.
Measuring 'whole-brain' neural activity
C. elegans is an excellent model system for examining how nervous systems encode environmental information and modulate animal behavior. However, measuring the activity of neurons as the worm responds to specific stimuli is a major technical challenge. The recent development of genetically encoded calcium indicators has allowed the imaging of neuronal activity, ranging from a single neuron all the way up to the entire 'brain' in the C. elegans nervous system (for a summary, see 80 ).
'Whole-brain' imaging is an inherent form of deep phenotyping, as it involves long-term observation and analysis of a large number of neurons. The methodology has only recently become feasible in C. elegans because of advancement in speed and sensitivity of cameras and research and commercial success in new microscopy platforms. Several studies have successfullly characterized whole-brain dynamics under various experimental conditions. Kato et al. 81 used a microfluidic imaging platform 51 to carry out whole-brain recordings from immobilized worms, which reveals that the evolution of network dynamics among neurons are directional and cyclical. They showed that different phases in this cyclical activity regulate motor commands that drive certain locomotory behaviors. Using a modified commercial spinning disk confocal system, Venkatachalam et al. 82 developed a whole-brain imaging platform and studied representations of sensory input and motor output of individual neurons upon thermosensory stimulus in freely moving worms. Similarly, using a simultaneous worm tracking and whole-brain imaging system, Nguyen et al. 50, 83 recorded whole-brain activities of freely moving without stimulation; in a related effort Nguyen et al. 83 showed a machine-learning approach to track neurons in the freely moving heads, which is an important step towards robustly and automatically analyzing such large sets of dynamical data . Most recently, Nichols et al. 84 investigated the global brain dynamics during lethargus, a sleep-like state in the worm. This study showed that global brain activity becomes quiescent during lethargus; interestingly, however, certain neurons remain active as these cells promote the establishment of the quiescent state. By examining the whole-brain dynamics, this work demonstrated that the transition to the 'wakeful' state is carried out by the re-establishment of activity in specific neurons that then drive global brain dynamics back to the aroused state 84 .
From the above examples, it is clear that there is much to be gained by studying the entire nervous system, rather than analyzing a specific subset of neurons, as not all of the neurons nor their functional connections in the neural circuits governing various sensorimotor behaviors have been identified. These examples also point to many opportunities for future theoretical and technological development for analyzing and understanding such complex and dynamical systems. For instance, better imaging systems that allow coupling of other experimental techniques (e.g., microfluidics or optogenetics) and better/faster tracking algorithms and the automatic identification of the neurons are still needed. Further, better theories may be needed for interpreting the large volumes of curated data in the future to make sense of how the brain processes information and makes decisions.
Behavioral analysis
One of the original motivations that drove the development of C. elegans as a model system was the desire to understand how the nervous system of an animal gives rise to all the behaviors it In addition to the improvement in worm tracker hardware, development of new algorithms has led to a more comprehensive description of worm behaviors. For example, PCA has been used to decompose the postural space of worms into eigenvectors referred to as "eigenworms"
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; surprisingly, the postural space of locomoting worms on agar plates is low dimensionalsuperposition of four of eigenworms is sufficient to describe the majority of the worm's locomotory postures. This analysis, which dramatically reduces the complexity of quantifying behavioral patterns, has been built into many worm tracking systems 52, 53, [86] [87] [88] . The approach has also enabled 13 studies of behavioral dynamics 52, 86 . Brown et al. 52 developed a dictionary of behavioral motifs for both wild-type and 307 mutant strains, which enables clustering of mutants into related groups, a task that would have been nearly impossible to do by eye. Similarly, Yemini et al.
comprehensive behavioral recording and curation system and developed an extensive phenotypic database of locomotory behaviors for a large number of strains, including multiple alleles of the same gene as well as some double and triple mutants. The growing dictionary 52 and database 86 have allowed users to uncover subtle behavioral phenotypes for mutants that could not be discerned by manual observation, underscoring the importance of deep phenotyping pipelines.
Understanding how these behaviors emerge from the integration of information about the external environment and the worm's own internal state remains limited. This problem has been studied extensively in C. elegans foraging behavior [44] [45] [46] [96] [97] [98] . The behavioral state transitions a worm undergoes, as well as the informational value of the food it encounters while foraging can be formulated mathmatically 44, 45 . For example, behavioral state transitions can be predicted by using the probabilistic transitions in a Markov process 44, 57 , and information about food can be evaluated by information theoretic measures such as mutual information 44, 45 . These models can be used to predict the worm's response to food encountered while foraging 44, 57 . We anticipate that when such predictive models are integrated into deep phenotyping studies, it will lead to a greater mechanistic insight into the genetics of foraging behavior.
Increasing throughput is essential to the deep phenotyping of foraging behavior. A recently developed microfluidic imaging system, WorMotel 99 , is a multi-well PDMS platform that uses a chemo-aversive moat to trap animals to their specific well, which allows for highly parallelised monitoring of individual worms under uniformly controlled environmental conditions This platform has been used to examine the relationship between the roaming (active) or dwelling (sedentary) behaviors and food abundance 96, 97 . These studies show reveal the biological complexity of . Interestingly, by tracking individual worms throughout their development, the authors also found that there was significant inter-individual variation in roaming behavior. Even though the worms were derived from isogenic populations, some animals consistently roamed less across all developmental stages while other consistently roamed more 46 . Quantifying inter-individual variation in any phenotype and understanding it biological origins is challenging, given the large numbers of individuals that need to be surveyed.
Deep phenotyping offers an integrated way of achieving high-throughput experimentation with comprehensive behavioral analysis.
Measuring aging and age-related decline
Over the last 30 years, there has been a concerted effort among scientists to understand the biology of aging. C. elegans is the premier model organism for the study of longevity, due to its short lifespan and powerful genetics One of the reasons for the recent rise in interest in the study of aging is that the incidence of both cognitive impairment and neurodegenerative disease increases with old age, which imposes a significant societal cost as the proportion of elderly individuals relative to those of working age in the general population continues to grow 111 . There is strong desire with the research community to develop treatments that can counteract the debilitating neurological effects of aging. C. elegans also displays age-related declines in cognitive ability and the morphological structure of its nervous system . They then used this system to conduct a pilot screen to identify small molecules that could delay the age-related decline of ASH activity. Several molecules from a panel of 107 FDA-approved compounds delayed the decline of calcium responses in ASH during aging, the most potent of these were Tiagabine and Honokiol
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. This study demonstrates the power of deep phenotyping technologies to acquire dynamic readouts, such as neural activity, in a high-content manner.
Drug discovery and small molecule biology
Deep phenotyping is increasingly being embraced by researchers in the field of drug discovery as it allows rapid screening of the pleiotropic effects of different molecules. Given the ease of culture and amenability of C. elegans to high-throughput experimentation, the worm has been used to model many different human diseases 114, 115 . While many researchers are developing methodologies to use these C. elegans disease models to speed up drug discovery, these
platforms cannot yet be considered as examples of deep phenotyping as they tend to analyze single and relatively simple phenotypes. However, it is worth noting that as they serve as the as signposts for where we hope truly deep phenotyping platforms will be able to take drug discovery screens in model organisms.
A C. elegans model of cirrhosis, a mutant human α1-antitrypsin (ATZ) fused to GFP aggregates within the ER of worm intestinal cells replicating the phenotype seen in diseased hepatocytes 115 . In this study, a high-resolution plate reader was used to rapidly screen a commercially available compound library, yielding 33 compounds that decreased the rate of GFPaggregation within the worms' intestinal cells . Together these studies demonstrate how the use of deep phenotyping technologies could enable the quantitative measurement of multiple morphometric traits to gain new insight into biology.
In this review, we have highlighted many recent conceptual and methodological developments for deep phenotyping, specifically using C. elegans as a model system. From the success of these studies, it is clear that by measuring many aspects of the morphology, functional output, or behavior of cells, circuits, tissues, and individual animals, we can expand the scope of biological studies. Furthermore, by using appropriate mathematical and statistical tools, we can better understand their underlying biological mechanisms. We believe that these approaches will become more ubiquitous as improved microscopy and other experimental tools and analytical pipelines using advanced computational and theoretical techniques become more accessible.
While many of these tools might be initially developed for C. elegans, their general utility will apply to a broad range of biological systems. We predict that with future integration of efforts in different disciplines (e.g., biology, engineering, and computational sciences), the ability to link phenotypes to genotypes, environmental conditions, and stochasticity will significantly accelerate. 
